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METHOD AND SYSTEM FOR OPTIMIZATION OF 
CHANNEL ESTIMATION AND 

SYNCHRONIZATION IN AN OFDM-MIMO 
WIRELESS COMMUNICATION SYSTEM 

CROSS REFERENCE TO RELATED 
APPLICATION 

[0001] This application claims the bene?t of US. provi 
sional application No. 60/608,646 ?led Sep. 10, 2004, Which 
is incorporated by reference as if fully set forth. 

FIELD OF INVENTION 

[0002] The present invention relates to Wireless commu 
nications. More particularly, the present invention relates to 
a method and system for optimiZation of channel estimation 
and synchronization in an Orthogonal Frequency Division 
Multiplexing (OFDM) Multiple-Input Multiple-Output 
(MIMO) Wireless communication system. 

BACKGROUND 

[0003] OFDM is a data transmission scheme Where the 
data is split into smaller streams and each stream is trans 
mitted using a sub-carrier With a smaller bandWidth than the 
total available transmission bandWidth. The ef?ciency of 
OFDM is a result of the fact that the sub-carriers are selected 
so that they are orthogonal to each other. In other Words, the 
sub-carriers do not interfere With each other While each is 
carrying a portion of the total user data. 

[0004] There are practical reasons Why OFDM may be 
preferred over other transmission schemes such as Code 
Division Multiple Access (CDMA). When the user data is 
split into streams carried by different sub-carriers, the effec 
tive data rate on each sub-carrier is less than the total data 
rate. Therefore, the symbol duration is much larger. Large 
symbol duration can tolerate larger delay spreads. In other 
Words, data that is transmitted With a large symbol duration 
is not affected by multipath as severely as symbols With a 
shorter duration. OFDM symbols can tolerate delay spreads 
that are typical in Wireless communications and do not 
require complicated receiver designs to recover from mul 
tipath delay. 
[0005] MIMO is a Wireless transmission and reception 
scheme Where both the transmitter and receiver employ 
more than one antenna for transmission and reception. A 
MIMO system takes advantage of the spatial diversity or 
spatial multiplexing options created by the presence of 
multiple antennas and improves signal-to-noise ratio (SNR) 
and increases throughput. 

[0006] In OFDM-MIMO systems, training sequence 
design as Well as ef?cient channel estimation algorithm 
remains a challenge if different training sequence signals are 
transmitted from different antennas simultaneously. Several 
approaches based on training tones have been attempted in 
prior art systems. As a result, the channel estimation has to 
be done in the frequency domain, resulting in increased 
compleXity and degraded performance. Other knoWn solu 
tions of a time orthogonal pre-amble scheme can be imple 
mented, but this is at the expense of increased overhead. 

SUMMARY 

[0007] The present invention is related to a method and 
system for optimiZation of channel estimation and synchro 
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niZation in an OFDM-MIMO Wireless communication sys 
tem. The present invention provides a method for generating 
training sequences, performing channel estimation and per 
forming synchroniZations of timing and frequency. All of the 
training sequences are simply constructed based on a basic 
code, and the training sequences are transmitted from dif 
ferent antennas in parallel Without doing inverse fast Fourier 
transform (IFFT). As a result, there is no peak-to-average 
ratio problem for the training sequences. The channel esti 
mation is performed in each receiver based on the samples 
before fast Fourier transform (FFT) and the maximum 
likelihood estimate of channel response in time domain is 
then mapped into the frequency domain. Because of the 
maximum-likelihood estimation, the channel estimation is 
optimum, very simple in implementation and ef?cient in 
computation. With a loose constraint on the basic code, the 
synchroniZation is also optimum With respect to maXimiZed 
SNR. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0008] A more detailed understanding of the invention 
may be had from the folloWing description of a preferred 
embodiment, given by Way of eXample and to be understood 
in conjunction With the accompanying draWing Wherein: 
[0009] FIG. 1 is a block diagram of an OFDM-MIMO 
system in accordance With the present invention. 

[0010] FIG. 2 is a block diagram of a channel estimator in 
accordance With the present invention. 

[0011] FIG. 3 is a ?oW diagram of a process for channel 
estimation and synchronization in accordance With the 
present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0012] The present invention Will be described With ref 
erence to the draWing ?gures Wherein like numerals repre 
sent like elements throughout. 

[0013] The features of the present invention may be incor 
porated into an integrated circuit (IC) or be con?gured in a 
circuit comprising a multitude of interconnecting compo 
nents. 

[0014] The present invention is for use in an OFDM 
MIMO system With NT-transmit antennas and NR-receive 
antennas. Referring to FIG. 1, a block diagram of an 
OFDM-MIMO system 100 comprising a transmitter 110 and 
a receiver 120 is shoWn. The transmitter 110 comprises a 
plurality of training sequence (TS) generators 112, a plural 
ity of IFFT units 114, a plurality of parallel-to-serial (P/S) 
converters 116, a plurality of concatenators 118 and a 
plurality of transmit antennas 119. The receiver 120 com 
prises a plurality of receive antennas 122, a plurality of 
frequency offset estimators 124, a plurality of segment 
splitters 126, a plurality of channel estimators 128, a plu 
rality of FFT units 130, a plurality of space-time processing 
units 132 and a space diversity processing unit 134. 

[0015] For each of the NT transmit antennas 0 to NT—1119, 
the IFFT unit 114 converts input data into time domain 
signals and the P/S converters 116 insert a cyclic pre?X into 
the data streams. The TS generator 112 directly generates a 
time-domain TS Without performing IFFT. The concatenator 
118 attaches the time-domain TS to the OFDM symbols. The 
OFDM symbols With the attached TS are sent to the transmit 
antenna 119 for transmission. Different TS signals are trans 
mitted from different antennas in parallel. Since the TS is 
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generated Without performing IFFT, it consists of elements 
of 1 and —1. As a result, there is no peak-to-average ratio 
problem for the TS portion of the transmitted signal. 

[0016] For each of the NR receive antennas 0 to NR—1122, 
the transmitted signals are received by the receive antennas 
122. The synchronization and frequency offset estimator 124 
may be utiliZed for estimation of carrier frequency offset and 
system timing, Which Will be explained in detail hereinafter. 
The TS portion and the OFDM symbol portion are separated 
by the segment splitter 126. The TS portion is sent to the 
channel estimator 128 directly Without performing EFT. The 
OFDM symbol portion is sent to the EFT unit 130. The 
channel estimator 128 generates a channel estimation, Which 
is forWarded to the space-time processing unit 132. The 
space-time processing unit 132 processes the OFDM sym 
bols based on the channel estimation from the channel 
estimator 128. The space diversity processing unit 134 
processes the outputs from the space-time processing unit 
132. 

[0017] One embodiment of generation of the TS in accor 
dance With the present invention is explained hereinafter. A 
basic code of length N is determined, Which is expressed as 
folloWs: 

M0={m0, m1, m2, . . - , mNi2i mN*1}' Equation (1) 
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Where is the largest integer smaller or equal to x. The 

system parameters N and NT are chosen properly so that the 

condition L<W is satis?ed, Where L represents the maximum 
delay spread. Therefore, it can be assumed that L=W—1. 

[0019] From the basic code MO, another NT—1 codes, 
(MW, . . . , M(NT_1)W), can be obtained. The code MkW is 

represented as folloWs: 

Where ke[0, 1, 2, . . . , NT—1]. 

Equation (4) 

[0020] A cyclic pre?x code PkW is de?ned for the code 
MkW as folloWs: 

PkW is a repeat of the last W elements of the code MkW. 
Concatenating the codes PkW and MkW for each value of k, 
NT training sequences of length N+W are obtained. They are 
expressed as folloWs: 

[0021] According to Equations (4) and (5), TkW(0) of 
Equation (6) can be expressed as folloWs: 

Equation (6) 

It is assumed that MO is an arbitrary sequence (Waveform) of 
length N at the beginning. The conditions that optimiZe the 
selection of the basic code are explained hereinafter. 

[0018] M]- is then de?ned as a cyclic j-shift version of MO. 
For example, M1 is de?ned as folloWs: 

Equation (2) 

1 elements of 

any values 

NT represents the number of transmit antennas. W is de?ned 
as folloWs: 

[ N Equation (3) 

[0022] Suppose TkW(0) is used by the kth transmit antenna 
Without loss of generality. In MIMO systems, all of the 
training sequences are transmitted from different antennas in 
parallel. 

[0023] At the receiver, a WindoW of length N is used to 
take a desired portion of the received signal for channel 
estimation. To understand Which portion of the received 
signal should be used, a linear l-element delayed version of 
TkW(0) is de?ned as folloWs: 

Equation (8) 

[0024] TkW(l) is obtained by linearly shifting right TkW(0) 
by 1 elements, (i.e., dropping the last 1 elements and shifting 
in the ?rst 1 elements of any values). Typically, there is other 
data on both sides of each training sequence. The dropped 
last 1 elements are overlapped With the data folloWing the 
training sequence. The shifted-in ?rst 1 elements are the data 
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before the training sequence. Because TkW(0) is of length 
W+N, it is impossible that the last N-element portion of 
TkW(l) includes any undesired data provided that 0§1<W. 
Therefore, the present invention only uses the last N ele 
ments of TkW(l), denoted by TkW(l), in channel estimation. 
According to Equation (8), TkW(l) is obtained as folloWs: 

- 7 mNi2) mNily mo 

Equation (9) 

[0025] Further the following Equation (10) is established: 

[0026] Channel estimation in accordance With the present 
invention is set forth hereinafter. Referring to FIG. 2, a 
block diagram of a channel estimator 128 in accordance With 
the present invention is shoWn. The channel estimator 128 
comprises an EFT unit 202, a table 204, a multiplier 206, an 
IFFT unit 208, a post processing unit 210 and a channel 
response mapping unit 212. The N-point EFT unit 202 
receives input samples 201 and performs N-point FFT on the 
input samples 201. The table 204 stores pre-calculated 
reciprocal of N-point EFT of the basic code. 

Equation (10) 

[0027] The pre-calculation is represented by a dotted 
block 214. The dotted block 214 need not be an actual 
component of the channel estimator 128, but is shoWn in 
FIG. 2 for illustrating the pre-calculation and storing of the 
inverse of an N-point EFT of the basic code. The N-point 
FFT is performed on the basic code MO and the reciprocal of 
the N-point FFT of the basic code MO is calculated. The 
reciprocal is then stored in the table 204. 

[0028] The output of the table 204, (i.e., the stored inverse 
of the N-point EFT of the basic code MO), is multiplied With 
the output 203 of the EFT unit 202 by the element-Wise 
multiplier 206. The multiplication results 207 enter the IFFT 
unit 208 Which performs time domain channel estimation 
209. The post processing unit 210 performs a threshold test 
on the time domain channel estimation 209 and removes 
elements beloW the predetermined threshold. The channel 
response mapping unit 212 maps the processed time domain 
channel estimation 211 to frequency domain channel esti 
mation 213. 

[0029] The mathematical description of the generation of 
channel estimation is described hereinafter. The channel 
response betWeen the kth transmit antenna and a receive 
antenna is de?ned as folloWs: 

[0030] Assuming a N><1 vector i represents the desired 
portion of the received signal for channel estimation, it can 
be expressed as folloWs: 

Equation (11) 

f=T'H+r_1; Equation (12) 

Where T is a N><NTW matrix of the form: 

7x : {fO(O)}T, {ful?l I T, Equation (13) 

T 
,..., 
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-continued 
T T T T T 

=[M0, Ml , ,MMH, MW,MW+1, , 

Where H is a NTW><1 vector of the form: 

H=fhu7 hi7 - - - 7 hNTil]; Equation (14) 

and n is a N><1 noise vector of the form: 

ir_1=[nU, n1, . . . , nNi1]T. Equation (15) 

[0031] The matrix T is circular but not square. In order to 
use a more efficient algorithm in channel estimation, the 
matrix T is extended to a N><N circulant one. For this 
purpose, the vector H is extended to a N><1 vector H by 
padding an all-Zero vector as folloWs: 

Equation (16) 

Where Z is an all-Zero vector of length (N—NTW). The vector 
H is constructed as folloWs: 

H=[h0, hl, . . . , hNTil, Z]T. Equation (17) 

[0032] The extended version T of the matrix T is repre 
sented as folloWs: 

T=LMUT7 M1T7 - - - 7 MNilTl 

[0033] With respect to Equations (17) and (18), Equation 
(12) is re-Written as folloWs: 

Equation (18) 

f=T'H+r_1. Equation (19) 

[0034] Because the matrix T is not only circular but also 
square, it can be decomposed into: 

T=DN’1l'DN; Equation (20) 

Where DN is the N-point discrete Fourier transform matrix 
and l“=diag(DN(MO)) is a N><N diagonal matrix. Note that 
the matrix T must be full rank, Which should be guaranteed 
When determining the basic code MO. The full-rank require 
ment on the matrix T results in the ?rst condition on the 
selection of the basic code. Then, the maximum-likelihood 
estimate of channel response can be expressed as folloWs: 

Equation (21) 

Where n1=DN_1l“_1DNn. Suppose O12 and 02 represent the 
variance of one element in {11 and n, respectively. If 
DN(MO)={7»O, k1, . . . , ANA}, it can be shoWn that: 

Nil 1 Equation (22) 

i n. o 
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Which reveals a criteria to select the basic code MO. That is, 
in any case, the basic code MO should be chosen such that: 

Nil 1 Equation (23) 

t: 

is minimized. Therefore, Equation (23) is the second con 
dition on the selection of the basic code. The basic codes 
With IM<2 can readily be found. 

[0035] Other criteria may be used in the selection of the 
basic code MO if the training sequences are also used for 
other purposes, such as synchronization, frequency offset 
estimation, etc. In these cases, it may be desirable to use a 
matched ?lter The training sequence and an ME may 
be designed jointly to minimize multiple access interference 
(MAI). This requirement puts further constraint on the 
selection of the basic code MO, Which Will be eXplained in 
detail hereinafter. 

[0036] Before using H, a threshold test on each element of 
H may be performed by the post processing unit 210. With 
post processing, the noise-only elements in H are set to Zero. 
In a speci?c case that the threshold is set to Zero, each of the 
consecutive length-W segments in the vector H is assumed 
to be a channel response vector. 

[0037] The channel response H given by Equation (21) is 
in the time domain. Because OEDM systems need a channel 
response in the frequency domain, a mapping must be made 
by the channel response mapping unit 212 With respect to 
Equation (21). Suppose that: 

Gp={1> 1, - - - > 1}; Equation (24) 

is a 1><P all-one vector, Where P is the EFT length identical 
to that used in generation of OEDM symbols. Performing an 
inverse DET on the vector GP results in QO=DP_1(GP)={1, 0, 
0, . . . , 0}. It should be noted that GP can be of any knoWn 

sequence of length P and letting GP be all-one vector is just 
for the purpose of simplicity. Q1 is de?ned as a cyclic l-shift 
version of Q0. For example, if: 

Q@={1, 0. 0, - - - , 0}; 

then 

Equation (24) 

Q1={O> 1, O, - - - > 0}, Equation (25) 

and so on. Suppose that the kth channel response hk={hk>o, 
h1g1, . . . , hk)W_1}T is mapped into the frequency domain. 
Note that, after post processing, some elements of hk may be 
Zero. Then, a vector of length P is constructed as folloWs: 

E *1 ~ Equation (26) 

W = /<,1'Q1 
1 

[0038] Then, performing an EET on the vector vk results 
in: 

Vk : Dp(vk) Equation (27) 
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-continued 
5 

Which is the kth channel response in the frequency domain. 
Assuming Vk={Vk)O, Vkq, Vk)P_1}, the pth element Vk)p of 
Vk represents the channel response for the pth sub-carrier 
betWeen the kth transmit antenna and a receive antenna. To 
implement Equation (27), the vectors DP(Q1) are pre-calcu 
lated and stored in a memory, such as in the look-up table 
204. Suppose Vk)p=Hk)p+Nk)p, Where Hk)p and Nk)p are the 
desired sub-channel coef?cient and noise term, respectively. 
It can be shoWn that: 

W41 Equation (28) 

and the variance of Nkp is 

o22= pa‘holz, Equation (29) 

path is the number of non-Zero 
elements in hk. 

[0039] The training sequences may also be used for the 
purposes of time and/or frequency synchroniZations. Recall 
that each column vector in the matrix T given by Equation 
(13) is just a cyclic-shift version of MOT. Assuming that the 
impulse response of the matched ?lter (ME) is a 1><N vector 
AkJ, an indicator With respect to the multiple access inter 
ference (MAI) level is given by Q=Ak)1~T. Q is a 1><NTW 
vector. An optimal ME, (MAI-free), implies that all the 
elements in the vector Q are Zero eXcept the (kW+l)th 
element. For example, assuming MO be a real binary code 
and Ak>1=MkW+1, it is very dif?cult to make the ME be 
MAI-free no matter hoW the basic code MO is designed 

(searched). 
[0040] By using the properties of the M-sequence, the 
present invention provides an MAI-free ME at the cost of 
increasing the White noise poWer by a factor of tWo. 

[0041] One embodiment of the present invention includes 
a simple ME With optimal performance by choosing MO as 
Well as designing Ak)1 properly. 

[0042] Suppose the basic code is an M-sequence. In this 
case, the length of the basic code N is limited to the values 
of 2“—1, Where u is an integer. The basic code (M-sequence) 
MO should be chosen to minimiZe Equation (23). 

[0043] Suppose that GN={1, 1, . . . , 1} is an 1><N all-one 
vector. The impulse response of the optimal ME is con 
structed as folloWs: 

Ak,1=MkW+1+GN- Equation (30) 

[0044] Equation (30) is optimal for the folloWing proper 
ties of the M-sequence: Mi-MJ-T=N if i=j, (ii) Mi~MJ-T=—1 
if i#j, (iii) GN~MjT=1, Where i,j6[0, 1, . . . , N-1]. If such a 
ME is used to match the desired signal, its output is 
represented as folloWs: 
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1 Equation (31) 

[0045] Because about half of the elements in Ak)1 are Zero 
and the rest are non-Zero elements taken value of 2, the noise 
variance in yk)1 is given by: 

U; = 20'2 I Equation (32) 
k’! N + l 

[0046] If the training sequences are binary sequences (e.g., 
M-sequences), the complexity of the synchroniZations is 
reduced. Additionally, a moving WindoW is needed in the 
synchroniZations. When the WindoW goes through a segment 
With an undesired signal, the MF also has outputs With large 
peaks. Therefore, the largest peak of moving signal-to-noise 
ratio should be detected at the MF output rather than the 
largest peak of the MF output. Because the optimal MP has 
improved the signal to noise ratio (MAI-free) around the 
desired segment of the received signal ?oW, it is de?nitely 
an asset in synchroniZations. 

[0047] FIG. 3 is a ?oW diagram of a process 300 for 
performing channel estimation and synchroniZation in an 
OFDM-MIMO Wireless communication system. Both a 
transmitter and a receiver comprise a plurality of antennas. 
The transmitter generates a plurality of training sequences 
from a basic code by cyclically shifting the basic code (step 
302). The training sequences are concatenated With OFDM 
symbols, and the training sequence and the OFDM symbols 
are transmitted With a plurality of transmit antennas (step 
304). Each transmit antenna transmits a different training 
sequence simultaneously. The receiver receives the training 
sequences and the OFDM symbols With a plurality of 
receive antennas (step 306). The training sequence and the 
OFDM symbols received by each of the receive antennas are 
then separated (step 308). The training sequences are pro 
cessed to obtain a channel response estimate and the OFDM 
symbols are processed using the channel response estimate 
(step 310). 
[0048] Although the features and elements of the present 
invention are described in the preferred embodiments in 
particular combinations, each feature or element can be used 
alone Without the other features and elements of the pre 
ferred embodiments or in various combinations With or 
Without other features and elements of the present invention. 

What is claimed is: 
1. In an orthogonal frequency division multiplexing 

(OFDM) multiple-input multiple-output (MIMO) Wireless 
communication system Where both a transmitter and a 
receiver include a plurality of antennas, a method for opti 
miZing channel estimation in the OFDM Wireless commu 
nication system, the method comprising: 

at the transmitter: 

generating a plurality of training sequences from a 
basic code, M0, by cyclically shifting the basic code; 
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concatenating the training sequence With OFDM sym 
bols; 

transmitting the training sequence and the OFDM sym 
bols With a plurality of transmit antennas, each 
transmit antenna transmitting a different training 
sequence simultaneously; 

at the receiver: 

receiving the training sequence and the OFDM symbols 
With a plurality of receive antennas; 

separating the training sequence and the OFDM sym 
bols received by each of the receive antennas; 

processing the training sequence to obtain a channel 
response estimate; and 

processing the OFDM symbols using the channel 
response estimate. 

2. The method of claim 1 Wherein the length of the basic 
code and each shift W betWeen tWo training sequences is 
chosen such that each shift W is greater than a maximum 
delay spread of a Wireless communication channel. 

3. The method of claim 1 Wherein the last W elements of 
each training sequence are repeated as a cyclic pre?x. 

4. The method of claim 1 Wherein the channel estimation 
is performed before fast Fourier transform of the 
received signals. 

5. The method of claim 1 Wherein a threshold test is 
performed on elements of the channel response estimate, 
Whereby a noise only element is set to Zero. 

6. The method of claim 1 further comprising a step of 
mapping the channel response estimate to a corresponding 
value in a frequency domain. 

7. The method of claim 1 Wherein the training sequence 
is a binary sequence in a time domain. 

8. The method of claim 7 Wherein the training sequence 
is selected so that the matrix T=[M0T, MlT, . . . , MN_2T, 

MN_1T] is invertible, Wherein Mi, i=0, . . . N-1, is a code 
sequence generated by cyclically shifting i times the basic 
code MO. 

9. The method of claim 7 Wherein the training sequence 
is selected to minimiZe 

Where N-point fast Fourier transform (FFT) of the basic 
code MO DN(MO)={7tO, k1, . . . , ANA}. 

10. The method of claim 1 Wherein the basic code MO is 
an M-sequence and the received training sequence portion is 
used for synchroniZation at the receiver. 

11. The method of claim 10 Wherein a matched ?lter is 
used in the receiver and an impulse response of the matched 
?lter for the lth path of the kth channel response, AkJ, is 
given by Ak>1=MkW+1+GN Wherein MkW+1 is a code generated 
by cyclically shifting the basic code M0 by kW+l and GN is 
all one vector of length N. 

12. The method of claim 10 Wherein the threshold test in 
the synchroniZation is based on the variables of moving 
signal-to-noise ratio at the output of the matched ?lter. 

13. In an orthogonal frequency division multiplexing 
(OFDM) multiple-input multiple-output (MIMO) Wireless 
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communication system Where both a transmitter and a 
receiver include a plurality of antennas, a system for opti 
miZing channel estimation in the OFDM Wireless commu 
nication system, the system comprising: 

a transmitter comprising: 

a training sequence generator for generating a plurality 
of training sequences for a plurality of transmit 
antennas, the training sequence being generated by 
cyclically shifting a basic code, MO; 

a concatenator for concatenating the training sequence 
and OFDM symbols; and 

a plurality of transmit antennas for transmitting the 
training sequence and the OFDM symbols, each 
transmit antenna transmitting a different training 
sequence simultaneously; and 

a receiver comprising: 

a plurality of receive antennas for receiving the training 
sequence and the OFDM symbols; 

a segment splitter for separating the training sequence 
and the OFDM symbols received by each of the 
receive antennas; 

a channel estimator for processing the training 
sequence to obtain a channel response estimate; and 

a processor for processing the OFDM symbols using 
the channel response estimate. 

14. The system of claim 13 Wherein the length of the basic 
code and each shift W betWeen tWo training sequences is 
chosen such that each shift W is greater than a maXimum 
delay spread of a Wireless communication channel. 

15. The system of claim 14 Wherein the last W elements 
of each training sequence are repeated as a cyclic pre?x. 

16. The system of claim 13 Wherein the channel estima 
tion is performed Without fast Fourier transform (FFT) of the 
received signals. 
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17. The system of claim 13 further comprising a post 
processing unit for performing a threshold test on elements 
of the channel response estimate, Whereby a noise only 
element is set to Zero. 

18. The system of claim 13 further comprising a mapping 
unit for mapping the channel response estimate to a corre 
sponding value in a frequency domain. 

19. The system of claim 13 Wherein the training sequence 
is a binary sequence in a time domain. 

20. The system of claim 19 Wherein the training sequence 
is selected so that the matriX T=[M0T, MlT, . . . , MN_2T, 

MN_1T] is invertible, Wherein Mi, i=0 . . . N-1, is a code 
sequence generated by cyclically shifting i times the basic 
code MO. 

21. The system of claim 19 Wherein the training sequence 
is selected to minimiZe 

Nil 1 

1M =ZOW, 

Where N-point fast Fourier transform (FFT) of the basic 
code MODN(MO)={7»O, k1, . . . , ANA}. 

22. The system of claim 13 Wherein the basic code MO is 
an M-sequence and the received training sequence portion is 
used for synchroniZation at the receiver. 

23. The system of claim 22 Wherein a matched ?lter is 
used in the receiver and an impulse response of the matched 
?lter for the lth path of the kth channel response, AkJ, is 
given by Ak)1=MkW+1+GN, Wherein MkW+1 is a code gener 
ated by cyclically shifting the basic code M0 by kW+l and 
GN is all one vector of length N. 

24. The system of claim 22 Wherein the threshold test in 
the synchroniZation is based on the variables of moving 
signal-to-noise ratio at the output of a matched ?lter. 


